Monodisperse nanoparticle assembly with tunable structure, composition and properties can be taken as a superstructured building block for the construction of hierarchical nanostructures from the bottom up, which also represents a great challenge in nanotechnology. Here we report on a facile and controllable method that enables a high yield fabrication of uniform gold nanoparticle (AuNP) core-satellites with definable number (in average) of the satellite particles and tunable core-to-satellite distance. The formation of the core-satellite nanostructures is driven by programmable DNA-basepairing, with the resulting nanocomplexes being isolatable via gel electrophoresis. By rationally controlling the DNA coverages on the core and shell particles, high production yields are achieved for the assembly/isolation process. As well, benefiting from a minimum DNA coverage on the satellite AuNPs, a strong affinity is observed for the as-prepared core-satellites to get adsorbed on protein-coated graphene oxide, which allows for a two-dimensional hierarchical assembly of the core-satellite structures. The resulting hierarchical nanoassemblies are expected to find applications in various areas, including plasmonics, biosensing, and nanocatalysis. The method should be generalizable to make even more complicated and higher-order structures by making use of the structural programmability of DNA molecules.
I. INTRODUCTION
Plasmonic nanostructures, which are well-defined metallic nanoparticle assemblies, have drawn much attention recently, owing to their potential applications in catalysis, biosensing, diagnostics and therapeutics [1, 2] . Furthermore, theoretical advances in nanoplasmonics have made it possible to rationally design specific nanoparticle-based superstructures to get desired optical properties [3, 4] . Nonetheless, it remains challenging to construct a theoretically derived nanostructure towards a desired function, which is often too complicated for an experimentalist, despite the recent progresses achieved in wet chemical syntheses of various structurally tailorable nanomaterials.
Pioneered by Mirkin and Alivisatos et al. [5, 6] , DNA programmed self-assembly has emerged as a very promising alternative for an accurate assembly of gold nanoparticle (AuNP) superstructures [7] . DNA is cho- * Author to whom correspondence should be addressed. E-mail: zhxdeng@ustc.edu.cn sen to manipulate nanoparticles due to some of its inherent advantages. First, DNA has unique WatsonCrick base pairings between complementary base sequences, which is readily programmable to form various DNA supermolecular structures. Second, the length (base number) of a DNA oligonucleotide is precisely determinable based on a solid-phase synthesis. Third, DNA can be easily tethered to the surface of various nanomaterials via simple metal-thiol bonding or noncovalent physicochemical interactions.
After more than ten years of intensive pursuits, one- [8, 9] , two- [10, 11] , and three-dimensional [12, 13] nanoparticle superstructures and discrete nanoparticle clusters [14−18] have been successfully fabricated based on DNA-programmable self-assembly. Among them, core-satellite structured nanoparticle assemblies [19−24] have caught great interest due to their various possible applications. Mirkin et al. reported the first example of a core-satellite structure composed of DNA-functionalized AuNPs in two different sizes [19] . However, the lack of a spatial confinement during DNA hybridizations often led to unwanted binary nanoparticle aggregates.
To solve this problem, Mirkin et al. proposed a , and their co-assembly with BSA-decorated GO into a two-dimensional hierarchical structure (c). Single (ssDNA and ssDNAc) and double (dsDNA and dsDNAc) stranded DNA ligands are used for the functionalizations of AuNPs, resulting in different controls over the core-to-satellite distances.
method to realize asymmetric DNA functionalization of AuNPs with the aid of a micro-sized magnetic bead substrate [20] . The AuNPs modified in this way showed orientation-dependent spatial selectivity during their self-assembly into core-satellite, cat paw, and dendrimer-like structures with different building elements. Other strategies based on similar geometric restrictions or monovalent DNA-nanoparticle conjugates have also been adopted to realize anisotropic functionalization of AuNPs [18, 21, 24] . However, there are still some challenges remaining unsolved for the construction of core-satellite superstructures by DNA-directed selfassembly. First, existing methods for the asymmetrical DNA-decorations of Au nanoparticles require multiple operation steps, so that great cares have to be taken during these processes. Second, symmetrically decorated DNA-AuNP conjugates always produced a mixture of products besides individual core-satellites due to uncontrollable DNA crosslinking between as-formed structures. In addition, the use of self-assembled coresatellites as superstructured building blocks towards hierarchical nano-assembly is a rational idea, which, however, has not yet been realized.
Being motivated by these challenges, we here report on a gel electrophoresis-assisted one-step assembly-andisolation of highly monodisperse core-satellite structures based on DNA-functionalized AuNPs. We further demonstrate that the as-formed core-satellite structures can be viewed as a novel class of superstructured building blocks towards hierarchical nano-assembly. Our strategy is illustrated in Fig.1 . Either single or double stranded DNA ligands ( Fig.1 (a) and (b)) are employed to functionalize the AuNPs. Upon hybridization, the ssDNA-and ssDNAc-capped AuNPs ( Fig.1(a) ) produce single stranded DNA segments flanking the hybridized duplex domain between neighboring AuNPs, while the dsDNA and dsDNAc ( Fig.1(b) ) result in a fully basepaired DNA duplex linkage connecting two AuNPs. Agarose gel electrophoresis is utilized to isolate correctly formed core-satellite structures based on their distinctively different migration rates in the gel matrix, compared to other products. Finally, the core-satellite structures are allowed to self-assemble into a two dimensional (2D) hierarchical nanostructure ( Fig.1(c) ) templated by BSA (bovine serum albumin)-coated graphene oxide (GO).
II. EXPERIMENTS
A. DNA functionalization of AuNPs DNA modification procedures are similar for the single and double-stranded DNA ligands, except that, in the latter case, the double-stranded ligands were pre-formed in a TBE buffer (89 mmol/L of Tris, 2 mmol/L of EDTA, 89 mmol/L of boric acid, pH=8.0) supplemented with 50 mmol/L NaCl. In the case of 13 nm AuNPs, DNA was mixed with the AuNPs (10 nmol/L) at 100:1 or 200:1 molar ratios in the TBE buffer. During the conjugation experiment, NaCl concentration was gradually increased from 50 mmol/L to 300 mmol/L within 48 h. To remove unbound DNA, the solution was centrifuged at 9.56 kg for 15 min, and the AuNP precipitates were re-dissolved in TBE containing 100 mmol/L NaCl. As for 5 nm AuNPs (500 nmol/L), the DNA:AuNPs ratios were reduced to 1.5:1 or 0.2:1 to suppress the formation of crosslinked products during the assembly reactions. After adding the DNA ligand, NaCl concentration was brought to 100 mmol/L in 2 h. The products were centrifuged at 9560× g for 60 min to remove unbound DNA.
B. Fabrication of core-satellite structures
To obtain AuNP-based core-satellite assemblies, DNA-functionalized 5 and 13 nm AuNPs were combined at different ratios and incubated in a NaClsupplemented TBE buffer at 35
• C for 12 h. The samples were subject to 2%agarose gel electrophoresis for product isolation. The gel was run at an electric field intensity of 6 V/cm in a TBE running buffer. Gel bands representing the desired core-satellite assemblies were cut out of the gel, minced, and soaked in a TBE buffer overnight to extract the products.
C. BSA decoration of GO 0.1 mg of GO was dissolved in 200 µL of doubledistilled water (ddH 2 O), which was sonicated in an ice/water bath for 30 min. After sonication, the sample was centrifuged at 2000× g for 5 min to remove any insolubilities. The resulting GO solution was clear and had a light-brown color. 10 µL of the GO solution was then combined with 10 µL of 100 mg/L BSA, 5 µL of five-time concentrated TBE, with the final volume being adjusted to 50 µL by adding ddH 2 O. The GO/BSA mixture was allowed to stay at room temperature for 24 h. Unbound BSA was removed by two centrifugations (10 min each) at 9560× g, with the supernatant discarded each time.
D. GO-templated super-assembly of AuNP core-satellites
As-prepared AuNP core-satellites were allowed to interact with BSA-coated GO at different molar ratios for 24 h in a TBE buffer supplemented with 100 mmol/L NaCl and 1 mmol/L Tris(2-carboxyethyl)phosphine (TCEP). The very low DNA coverage on the 5 nm AuNPs guaranteed a minimum affinity lost of the coresatellite building blocks to BSA-coated GO. The assembled products were isolated by an electrophoretic gel filtration process developed previously [25, 26] .
E. TEM characterizations
All the assembled products were subject to TEM (transmission electron microscopy) verifications on a JEM-2100F field emission TEM operated at an electron acceleration voltage of 200 kV. To prepare a sample for TEM, 4 µL solution was pipetted onto a carbon-coated copper grid. The sample drop was allowed to stay there for 10 min before being wicked away with a piece of filter paper. 
III. RESULTS AND DISCUSSION
To synthesize highly stable and monodisperse coresatellite structures, we employed agarose gel electrophoresis as an efficient nano-separation technique to isolate desired products from the reaction mixture. As shown in Fig.2 (a) and (b) , owing to the good stability and narrow size distribution of the core-satellite structures formed by DNA-directed assembly, a ladder of gel bands with discrete mobilities were observed (lanes 2 and 2 in Fig.2 (a) and (b) , respectively). In the gel, the core-satellite structure was observed as a major product under optimized conditions: the DNA coverage on 5 nm AuNPs should be sufficiently low and the molar ratios between 5 and 10 nm AuNPs should be sufficiently high in order to suppress the formation of crosslinked multi-core products.
In Fig.2 (a) and (b), the product bands in lanes 2 and 2 showed significantly retarded mobilities compared to the 13 nm AuNP cores (lanes 1 and 1 ) , implying the existence of a large number of 5 nm AuNPs around a 13 nm Au core. This was clearly evidenced by TEM imaging (Fig.2 (c) and (d) ), which showed the formation of highly monodisperse core-satellite products with a 13 nm AuNP coordinated by multiple 5 nm AuNPs.
In Fig.2(d) , the core-satellites formed by dsDNA-and dsDNAc-modified AuNPs showed a clear gap between Fig.1(b) , where double stranded DNA ligands were used for both core and satellite nanoparticles. (a) Agarose gel electrophoresis revealed a high assembly efficiency for the core-satellites. The lower gel bands were unassembled 5 nm AuNPs in excess. (b)−(e) TEM images of core-satellite structures with increased loading of the 5 nm AuNPs, corresponding to lanes 2−5 in (a), respectively. Note that the length for a 61 bp (see Fig.3 ) B-form DNA linkage is 20.7 nm based on the Watson-Crick model, implying a slight shrinkage of the core-satellite structure (a constant core-to-satellite distance of ca. 14 nm was observed) due to inter-particle capillary attractions during a sample drying process.
the core and satellite particles due to the existence of a thick (61 basepairs in total) DNA duplex layer. In contrast, the structures formed between ssDNA-and ssDNAc-conjugated AuNPs were lack of such a particlefree domain due to the much shorter DNA linker (a 14-basepair duplex flanked by 5-base dT 5 single strands, see Fig.1(a) and Fig.3 ). In addition, the existence of the dT 5 single strands also made the DNA decoration layer more compressible. Such a spacing control might be useful to fine-tune the plasmonic coupling as well as energy/electron transfer properties of as-formed nanoparticle superstructures.
By altering the molar ratios between the satellite and core nanoparticles during an assembly process, we were able to control the densities of the 5 nm AuNPs attached on the 13 nm Au core. Figure 4 showed such a control with dsDNA-and dsDNAc-modified AuNPs as an example. As shown by the gel data in Fig.4(a) , the loading of 5 nm AuNPs kept increasing during the assembly process with increased stoichiometry of them, as judged by the retarded gel bands. TEM images in Fig.4 (b) −(e) further verified such a judgment. At molar ratios of 60:1 and 80:1 (Fig.4 (d) and (e)), the 5 nm AuNPs formed ring-shaped arrangements with a fixed distance about 14 nm to the core particles. Note that here the DNA duplex linkage had an overall length of 20.7 nm (61 basepairs), implying a 30% shrinkage of the DNA modification layer during the sample drying process.
Since BSA has a strong affinity to both GO and AuNPs [27] , it was well-suited as a bio-macromolecular "glue" to realize the assembly of monodispersed coresatellites on GO (Fig.1(c) ). Here we tentatively chose the products obtained in Fig.2(d) to demonstrate such a process. BSA-decorated GO was prepared following our previous work [27] , which was then combined with the AuNP core-satellites to initiate a 2D assembly. After a 24-h interaction, the solutions were loaded into an agarose gel to isolate the assembled products (appearing as red deposits in the sample loading well due to their bulky size, see lane 2 in Fig.5(a) ). These products could be easily recovered and re-dissolved as a stable aqueous solution ( Fig.5(b) ). The characteristic red color of the gold nanoparticles due to their plasmonic absorbance enabled us to make an initial judgment on the success of an assembly process. TEM data in Fig.5 (c) and (d) further revealed the structural details of as-formed core-satellite assemblies on GO. As shown in Fig.5 (c) and (d), all the AuNP core-satellintes preserved their intact structures on the GO nanosheet, indicating a good stability of the superstructured building blocks, which are critically important for their applications as a novel class of nanoscale building blocks towards DNAprogrammable nanoassembly.
Finally, the reversibility of the core-satellite building blocks was evaluated. Since the core-satellite structures were formed by Watson-Crick hydrogen bonding, it is reasonable that these structures would get dissociated in the presence of a DNA denaturant (e.g. formamide). The core-satellite structures were therefore challenged with 75% formamide. The denatured samples were analyzed by gel electrophoresis and TEM imaging (Fig.6) . Within our expectation, the core-satellite structures were almost completely dissociated (Fig.6 (a) and (b) ), which unambiguously evidenced the good reversibility of a DNA-programmable assembly. Such an assemblydisassembly reversibility would allow some extra controls during a dynamic nanoassembly process. 
IV. CONCLUSION
In summary, we have developed a method for the preparation of highly monodisperse core-satellite structures based on DNA-programmable self-assembly, in conjunction with a gel electrophoretic nano-separation. The as-obtained structures have a high purity, welldefined spatial order, good stability, and excellent solution-processibility. The minimized DNA-coverage on the satellite particles is efficient in suppressing the formation of crosslinked multi-core products, which is also responsible for their affinity to other thiolcontaining molecules. This makes the core-satellite structures very useful as a superstructured building block to achieve a two dimensional assembly on a protein-coated graphene oxide template. Our success will provide a new dimension of control for DNA-guided nanoassembly towards a hierarchical structural order which is hard to achieve via conventional nanoscale building blocks. By taking advantage of DNA-based supermolecular template, a 2D or 3D ordering of these core-satellites should be realizable in a future pursuit. We believe the highly monodisperse and structurally tunable core-satellite structures and the superassemblies formed with graphene will find important applications in the design and fabrication of plasmonic nano-devices, SERS (surface-enhanced Raman scattering)-active substrates, nano-medicine, smart materials and nano-catalysts [21, 28−36] . 
